The electronic structures, optical properties and molecular structures of a series of isoquinoline alkaloids resulting in the formation of papaverine, through a proposed biosynthetic pathway via S(+)-reticuline were elucidated. The mechanism of papaverine synthesis was studied by electronic absorption, diffuse reflectance, fluorescence and CD spectroscopy, as well as ESI and MALDI Orbitrap imaging mass spectrometry. Quantum chemical DFT calculations in the gas phase and solution were performed with a view to study the electronic transitions of the interacting species, corresponding proposed intermediates, and the expected mass spectrometric fragments. The complete study and understanding of the mechanism of the biosynthetic pathway in the poppy plants appears important for the functional oriented drug-design and synthesis of corresponding structurally related alkaloids.
A variety of isoquinoline alkaloids (IQAs) exists in nature, which have large variations of biological activity [1] . A specific structural feature of many of IQAs is a chiral C 1 centre (Scheme 1) [1, 2] . The construction of this centre is a key step for the asymmetric total synthesis of these compounds [1d,2,3] . IQAs suggest unusual biosynthesis, through the important rearrangement of the benzylisoquinoline skeleton, providing extensive potential precursors for natural plant derivatives. Papaverine, in particular, as one of the oldest targets of phytochemistry, is an interesting subject for biosynthetic studies, possessing spasmolytic and vasodilator activity [3] . The increasing knowledge of the biosynthesis of IQAs leads to understanding of alkaloid production, in particular of the papaverine biosynthetic pathway, thus leading to an eventual replacement for papaverine and its analogues by a synthetic route for commercial usage [3] . Furthermore, the postulated and proposed large number of hypotheses of a pathway for the formation of papaverine is not fully elucidated. Moreover, recent study has provided a completely new hypothesis, resolving the controversial biosynthesis of papaverine, via (S)-reticuline (Scheme 1) [3g] . Nevertheless, of the presented experimental evidence supporting the hypothesis for the plant synthesis, the mechanism needs further examination. Moreover, two possible intermediates were shown (Scheme 2). Therefore, we wish to report here the theoretical and experimental elucidation of the papaverine biosynthetic pathway via (S)reticuline, using advance quantum chemical DFT calculations, as well as experimental electronic absorption (EAs), diffuse reflectance (Ds) and fluorescence (Fs) spectroscopy, circular dichroic (CD) and MALDI Orbitrap imaging mass spectrometry (MS) . Recent studies on the isolation of new biologically active plant and fungal natural products (NPs) of indole and isoquinoline alkaloid types, as well as drug-design and functional oriented synthesis of corresponding synthetic analogous [4] , have shown the successful applicability of theoretical quantum chemical approaches. The prediction of the chemical reactivity and physical optical properties of such derivatives appears to be a key point, providing useful information about the reaction mechanism, thus supporting the effectiveness of synthesis and elucidation of the the polycrystalline samples, in accordance with the obtained most stable conformers of the IQAs. The significant bulk steric effect (Scheme 3) of the substituted benzenes makes it difficult for the formation of the dimeric species with a high number of aggregates. Additional confirmation followed by the obtained EAs in concentrated solutions, characterized by a weak bathochromic effect of  max . For the purpose of our study it is interesting to discuss the effect of the protonation on the EAS, Ds and Fs bands. In the cases of 1-4, a bathochromic shift of about 3-7 nm was obtained as a result of the N 2 -protonation. In contrast, in the presence of acids, a significant bathochromic effect of 20-47 nm was found (Table 1) .
According to the proposed reaction scheme 1, there were two possible intermediates (4A and 4B) for the synthesis of papaverine. Moreover, earlier studies on papaverine synthesis [3, 5] have shown that the oxidation of S-tetrahydropapaverine results in the formation of papaverine under ambient conditions. Thus, especially informative were the calculated theoretical EAs of 4A and 4B (Table 1) . Remarkably, the protonated forms of 4A and 4B were characterized by a difference in the highest wavelength shifted band of 308 nm. This result allows the unambiguous defining of the nature of the isoquinoline intermediates, as well as forming a base for further studies of the biosynthetic pathways of IQAs, depending on the reaction conditions, such as type of solvent, polarity, donor and acceptor numbers, pH, and more. From a spectroscopic point of view, this quite unusual result needs further explanation. The observed significant bathochromic effect concurs more with the -11.69 -11.19 (4A) (4B) Scheme 3: Chemical diagram and labelling of the studied compounds; Most stable conformers at M06-2X/ aug-cc-pVTZ level of theory; the free Gibbs energies (G) [kcal/mol] in solution of the neutral forms of the studied compounds and expected intermediate species. EAs characteristics of organic dyes, characterized by strong charge transfer-effects of intra-or intermolecular types within the framework of the conjugated -systems. The performed calculations of the HOMO-LUMO MO gaps show as a distribution of the HOMO and LUMO MOs within the frame of the substituted benzene fragments in 4B and only within the frame of the conjugated C=C-A-ring system in 4A, respectively.
A possible explanation of this phenomenon could be provided by making a parallel between the neutral and deprotonated forms of violuric acid [7] , where the deprotonation of the OH-group in the =N-OH fragment leads to a single charge redistribution, with formation of the -N=O group. The n→ transition is observed as a broad, relatively low intensive band at about 580 nm, shifted about 180 nm bathochromically, compared with the  max of the neutral acid. In 4B, the obtained q X (NBO) values confirm our hypothesis for the similar charge redistribution within the frame of the molecular skeleton.
The underlined bathochromic shift was associated with the conjugation of the C=N double bond with the aromatic A-ring (Scheme 1), i.e "conjugated" n→ transition. The obtained relatively low values of the f, and   (see for example Figure 2) were additional confirmation of the proposed nature of the origin of these optical phenomena in IQAs. The obtained data provoked us to make a parallel study of the protonation/deprotonating effects. According to the earlier synthesis of papaverine in strong basic medium, we performed a parallel spectroscopic study of the interaction of 4 with KOH at room temperature, as well as in strong acidic medium [7] . The experiment was performed using different ratios of alkaloid: acid controlling the integral ratio of the positive CD band at  283 belonging to S(+)-enantiomers [6] . The corresponding dependence could be extrapolated by the polynomial and exponential function. According to the common theory, the assumed S N 1 mechanism for the C 1 in sp 3 in the presence of the bulk substituents, and the linear fit with rate 1, give an r 2 value of 0.7231 2 . The nonlinear function fitting leads to an increase in the probability for the complex higher rate mechanism (Scheme 4). The best value of r 2 = 0.9995 3 is obtained using the exponential function, leading to typical hydrolysis process dependences. The chromatographic separation of both the natural extract and the reaction mixture at a ratio of 1:7 show the UV-VIS bands of the peak at 13.89 min, assigned most probably to 4B, since a difference of 2 nm between the theoretical and experimental data was found. The same peak present in the corresponding mass chromatogram of the natural extract was strongly overlapped (Figures 1 and 2) . The performed calculations of the free Gibbs energies (G) of the studied species, using the theoretical model already described [4f,9] , leads to an interesting conclusion about the reaction mechanism shown in Scheme 4. The G values of 4A and 4B differ by -4.23 kcal/mol.
The most preferred appears to be 4B in polar protic solvents, as a result of the delocalization of the positive charge within the frame Ivanova & Spiteller of the conjugated system. This is as expected, as shown by the obtained G values of the mass spectrometric fragments (Scheme 2). The most stable appears to be 4B-I-2, characterized by -OH substituents at C 1 and C 3 (2.643 Å). The close q C (NBO) values assume a possible formation of the species 4B-II (Table 2) , but the G value differs (39.9 kcal/mol is obtained). The highest q C (NBO) value at C 1 was obtained for 4B, thus assuming the corresponding carbon centre as preferred for the attack. The C 1 -chiral centre with sp 3 hybridization in the strong acidic medium resulted in the formation of 5, which leads to sp 2 hybridization, thus explaining the observed CD spectra. The parallel theoretical analysis of the mechanism of the reaction through 4A shows higher G, as depicted in Scheme 4.
In all studies dealing with modelling of natural processes and biosynthesis, the question remains as to how far we can reproduce the experimental conditions in the living cells. As can be seen above, the obtained experimental and theoretical data explain reasonably well the proposed biosynthetic pathway. The maximal objectivity of such studies require the evaluation, as well as the possible reaction scheme in the "softer" conditions, therefore we calculated as well the corresponding intermediates in a soft hydrolysis process obtaining the obtained q X (NBO) values ( Table 2 , X = C or N) for the neutral reagents. As can be seen for the data in Table 2 , the same mechanism could be expected in the neutral medium as well.
The obtained MALDI-MSI data ( Figures. 1 and 2) of the natural extract and the reaction mixtures of 4 in strong acidic and basic media unambiguously define the high probability shown in Scheme 1 for the biosynthetic pathway and role of 4B as an intermediate in the formation of 5 via S-reticuline. According to the above theoretical data, if we propose the formation of the stable intermediates of 4A, then the peak at m/z 190 should be expected. Moreover, the corresponding fragment species as shown above is characterized by the lowest G value of -69.64 kcal/mol (calculated in gas-phase). In contrast, we obtained an ion at m/z 192.025 (resp. 192.043), thus assuming the formation of the fragment species of the type in Scheme 2. The mass chromatogram however, shows that practically the whole amount of 4 is transformed to 4B under these conditions (peak at 11.54 min). The peak at 16.82 min corresponds to the final product 5, characterized by UV-VIS maxima within the ranges 248-250, 280-296 and 311 nm, respectively. The obtained log  values of 4.58, 3.72 and 3.88 agree well with the spectroscopic properties of papaverine hydrochloride. The MS shows a peak at m/z 341.526 for the cation [8]. This result suggests that the peak at about m/z 192 belongs to the shown species, formed by 4B according to similar mechanisms as those described for indolin alkaloids [8] . The MS of the natural extracts and the synthetic reaction mixtures are characterized as well by the ion at m/z about 204, already assigned to the formation of the R-CH 2 + (R=isoquinoline) fragment of 4B [9m], which would be confirmation of our assumption about the 4B intermediate. Interestingly, however, in the synthetic mixture, the corresponding ion is characterized by a lower intensity than that at m/z 192. However, the fragment is characterized by the lowest G value of -52.77 kcal/mol. It is interesting to discuss the data in Figure 2 . The optical phenomena of the synthetic 4A product in the protonated form agree reasonably well with the corresponding ones of the extracts and the theoretical data in Table 1 . The corresponding MS in Figure 2 shows the ion at ca. m/z 192 and a low intensity one at ca. m/z 204. In contrast, the oxidation product of 4A, i.e. 5A, shows the electronic n → * transition of the conjugated C=O bond at ca. 360 nm, as well as the mass spectrum containing only the peak at m/z ca. 204. This result assumes that the peak of the R-CH 2 + (R=isoquinoline) fragment [8] could be associated with the possible parallel oxidation process in the biosynthetic pathway of papaverine as well.
Conclusions:
The biosynthetic pathway for the formation of papaverine in poppy plants via S(+)-reticuline was examined experimentally and theoretically by electronic absorption (EAs), diffuse reflectance, fluorescence and CD spectroscopy in the condensed phase, as well as by MALDI Orbitrap imaging mass spectrometry. Quantum chemical DFT calculations of the electronic transitions, CD spectra of the reagents and the proposed intermediates were performed. The obtained results allowed the detailed elucidation of the biosynthetic pathway, and clarified the mechanism of the reaction via formation of the stable intermediate 4B. The obtained differences in the EAs characteristics of more than 300 nm between the intermediates; their chiro-optical properties both as neutral and protonated forms, as well as the thermodynamic characteristics of the studied species and their corresponding mass spectrometric fragments allow the unambiguous defining of the synthetic pathway. Remarkably, depending on the pH and the type of the obtained protonated forms of IQAs, and depending on the reaction conditions, such as type of solvent, its polarity, donor and acceptor numbers, and pH, we could examine similar synthetic pathways, spectroscopically, thus providing a reliable knowledge about the mechanisms of the formation of similar structural metabolites. From the chemical and spectroscopic point of view, it is interesting to include as a conclusion, that the theoretical calculations of the observed significant bathochromic effect show a charge distribution within the frame of the conjugated N=C-ring-A fragment, resulting in a significant bathochromic effect of the n→ transition, characterized by low   values of ca. 1000 l.mol -1 .cm -1 . Similar optical phenomena have already been observed for the neutral and deprotonated forms of violuric acid [10p], where the deprotonation of the OH-group in the =N-OH fragment leads to a single charge redistribution with formation of a -N=O group, with n→ transition of about 580 nm, shifted about 180 nm bathochromically, compared with the  max of the neutral acid. Undoubtedly, the obtained results both for the possible biosynthetic pathways of papaverine, as well as of the optical phenomena of the corresponding forms of IQAs, allow further studies and optimization of experimental drugs-design and functional oriented synthesis of isoquinoline analogues, thus increasing both the fundamental knowledge and applied aspects of related studies on natural alkaloids.
Experimental

Physical measurements:
The UV-VIS-NIR spectra between 190 and 1190 nm, in methanol (Uvasol, Merck product), at a concentration of 2.5.10 -5 M in 0.921 cm quartz cells were recorded on a Tecan Safire Absorbance/Fluorescence XFluor 4 V 4.40 spectrophotometer. The CD spectra were measured on a JASCO J-715 polarimeter with 0.5 nm resolution. Ds and Fs spectra were measured on a PerkinElmer Lambda 750 in reflectance mode. The reflection spectra were automatically converted to absorbance spectra using Kubelka-Munk theory. HPLC-MS/MS measurements were made, using a TSQ 7000 instrument (Thermo Electron Corporation). Two mobile phase compositions were used: (A) 0.1 %, v/v, aqueous HCOOH, and (B) 0.1%, v/v, HCOOH in CH 3 CN. A triple quadrupole mass spectrometer (TSQ 7000 Thermo Electron, Dreieich, Germany) equipped with an ESI 2 source was used and operated under the following conditions: capillary temperature 180 o C; sheath gas 60 psi, corona 4.5 μA and spray Quantum chemical approaches on papaverine biosynthesis Natural Product Communications Vol. 7 (5) 2012 585 voltage 4.5 kV. The sample was dissolved in acetonitrile (1 mg mL -1 ) and injected in the ion source by an autosampler (Surveyor) with a flow of pure acetonitrile (0.2 mL min -1 ). Data processing was performed by Excalibur 1.4 software. A standard LTQ Orbitrap XL instrument was used for all the experimental work. An overall mass range of m/z 100-1000 was scanned simultaneously in the Orbitrap analyser. The samples were measured in the solid state, using a variant of the spray technique of solution containing the matrix and analyte. The solution thus obtained in thin liquid films was fast evaporated for formation of the sample for matrix/matrix/analyte.
Materials, methods, and synthesis:
The natural extract was obtained according to [4] . The reference compounds, laudanosine and papaverine were obtained from Sigma-Aldrich. The synthetic pathway for obtaining S-tetrahydropapaverine and its intermediates 4A and 4B represent an optimized synthetic scheme [1a,3,5] in the presence of the k. H 2 SO 4 at room temperature in methanol: water solvent mixture 1:1. The synthesis of 4 and 5 was according to the synthetic scheme shown in [3, 5] . The usage of this synthetic scheme is based on the fact that one of the intermediates is 4A, obtained in relatively high amounts, allowing a reference study of its protonation ability. N-(3',4'-dimethoxyphenylacetyl)-3,4dimethoxyphenylalanine, the starting material for obtaining 4 and 4A, was prepared according to the following scheme. 0.10 Mole of N-benzamido-3,4-dimethoxycinnamic acid, in 70 mL concentrated ammonium hydroxide and 20 mL of water was heated in a pressure bottle for 48 h at 110 o C. The solution was transferred into a flask, 85 mL of 10% sodium hydroxide was added, the solution boiled under reflux for 2 h, cooled and made strongly acid with hydrochloric acid. The product was precipitated with diethyl ether. The crystals were filtered, washed with a mixture of isopropyl alcohol and dried in air. The corresponding methyl ether derivative was obtained after interaction with 50 mL methyl alcohol containing 0.5 mL of concentrated sulfuric acid, and boiling the solution under reflux for 2 h. The ester, which crystallized on cooling, was filtered and washed with a small amount of cold methyl alcohol. Calcd. for C 22 H 27 O 7 N: C, 63.3; H, 6.47; N, 3.36. Found: C, 63.1; H, 6.23; N, 3.48. 6,7-Dimethoxy-3,4-dihydro-3carbomethoxy-3-'(4'-dimethoxybenzy1)-isoquinoline intermediate was formed by the mixing of the above compound in 25 mL POCl 3 in 50 mL toluene at boiling point under reflux for 35 minutes. On the addition of ammonium hydroxide, the isoquinoline precipitated. Calcd for C 22 H 25 O 6 N: C, 66.00; H, 6.27; N, 3.51. Found: C, 66.11; H, 6.21; N, 3.50 . Further treatment of this compound by heating under reflux with 10 mL of 20% potassium hydroxide in methyl alcohol solution resulted in a solution which was acidified with acetic acid. The obtained crystals were filtered upon cooling, washed with water and dried. Five g of the obtained compound was heated at 150-155 o C in an oil-bath in the presence of H 2 SO 4 and Zn. When the evolution of carbon dioxide ceased, the oil was allowed to cool in a current of hydrogen. The product was isolated as sulfate salt, which was converted into the free base with ammonium hydroxide in benzene. Ten g of 3,4-dihydropapaverine (last compound), and palladium-charcoal was heated in an oil-bath at 240-250 o C in a current of nitrogen for 3 h. The catalyst was removed by filtration, the filtrate cooled and seeded with papaverine (5). It is important to note that 3,4-dihydropapaverive remained in air resulting in the formation of the papaveralidine labeled as 5A.
Computational methods
Quantum chemical calculation [4f,g,9]: Quantum chemical calculations were performed with GAUSSIAN 09 and Dalton 2.0 program packages [9a,b] . The geometries of the studied species were preoptimized employing the B3LYP method, CAM-B3LYP, and M06-2X functionals according to the algorithm described in [9] . The obtained vibrational characteristics, by the preliminary optimization of the molecular geometry, are correlated to those obtained by the crystallographic inputs according to the method described in [7b,9l-o] . The UV-VIS spectra were calculated using the TDDFT method as above levels and PCM approach. The charges are assigned to atoms using DFT calculations and NBO values. Taking this into account, then the data set is subtracted from the contributions that should have been scaled.
Statistical methods [10]:
The experimental and theoretical spectroscopic patterns were processed by R4Cal OpenOffice STATISTICs for Windows 7 program package. Baseline corrections and non-linear curve-fitting procedures were applied. The statistical significance of each regression coefficient was checked by the use of the t-test. The model fit was determined by Ftest [10e].
